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With  an  aim  of  enhancing  the  light-to-electric  power  conversion  efficiency  of  dye-sensitized  solar  cell 
(DSSC),  here  we  synthesize  PtRu  nanofiber  alloys  using  a  low-temperature  hydrothermal  technique 
which  are  employed  as  counter  electrodes  (CEs)  for  DSSCs.  Owing  to  the  good  electrical  conduction  and 
electrocatalysis,  light-to-electric  power  conversion  efficiencies  of  PtRu-based  DSSCs  have  been  elevated 
in  comparison  with  that  of  Pt  CE  based  DSSC.  The  DSSC  employing  PtRu3  alloy  CE  gives  a  power  con¬ 
version  efficiency  of  6.80%  in  comparison  with  6.17%  from  Pt-based  DSSC.  The  reasonable  conversion 
efficiency,  simple  preparation,  and  scalability  demonstrate  the  potential  use  of  PtRu  alloys  in  efficient 
DSSCs. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Nowadays,  low-carbon  economy  is  a  developing  direction  in 
human  society.  However,  the  excess  consumption  of  fossil  energy 
(coal,  oil,  and  gas)  has  brought  severe  risks  in  energy  depletion, 
environmental  pollution,  and  ecological  destruction.  As  an  alter¬ 
native  energy  source,  solar  energy  has  attracted  growing  interests 
because  it  is  clean,  inexhaustible,  and  geographically  independent 
[1,2].  Among  various  solar  cells,  dye-sensitized  solar  cells  (DSSCs) 
[3-8],  electrochemical  devices  converting  solar  energy  into 
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electricity  directly  with  no  pollution  emission,  are  honored  by 
relatively  low  fabrication  cost,  high  power  conversion  efficiency, 
and  environmental  friendliness.  As  a  crucial  component,  Pt  counter 
electrode  (CE)  plays  a  role  in  regenerating  r/ff  redox  species, 
which  is  originated  from  the  electrocatalytic  activity  of  Pt  CE  [9,10]. 

With  an  aim  of  elevating  the  electrocatalytic  behaviors  of  CE 
toward  triiodides  and  therefore  photovoltaic  performances  of 
assembled  DSSC  devices,  new  CEs  should  be  developed  before  their 
commercial  applications.  Here  we  report  the  design  of  PtRu 
nanofiber  alloy  CE  by  a  low-temperature  hydrothermal  method. 
Alloy  CEs  are  fresh  in  DSSC  devices  but  they  have  displayed 
impressive  functions  in  improving  photovoltaic  performances. 
Recently,  Coo.ssSe  and  Nio.ssSe  alloy  CEs  from  Wang  et  al.  exhibited 
much  higher  electrocatalytic  activity  than  Pt  for  redox  reaction  of 
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iodide/triiodide  (F/JT)  couples  [11].  The  assembled  DSSC  from 
Coo.85Se  CE  generated  a  promising  power  conversion  efficiency  of 
9.40%.  Moreover,  Au-Ag  binary  alloy  can  also  be  employed  as 
counter  electrode  material  in  DSSC,  demonstrating  a  conversion 
efficiency  of  7.85%  [12].  In  the  current  work,  the  proposed  PtRu 
nanofiber  alloy  CEs  are  also  expected  to  have  good  electrocatalytic 
activity  toward  triiodides,  on  the  basis  of  which  the  photovoltaic 
performances  of  DSSCs  can  be  improved. 

2.  Experimental 

2.1.  Preparation  of  PtRu  nanofiber  alloy  CEs 

The  feasibility  of  this  strategy  was  confirmed  by  following 
experimental  procedures:  A  mixing  aqueous  solution  consisting  of 
H2PtCl6  and  RuC13  was  made  by  agitating  5  ml  of  20  mM  H2PtCl6 
and  20  mM  RuC13  aqueous  solutions.  The  volumes  of  the  RuC13 
aqueous  solution  were  controlled  at  0,  5, 15,  and  20  ml.  The  total 
volume  of  the  reactant  solution  was  adjusted  to  35  ml  by  deionized 
water.  The  reactant  was  transferred  into  a  Teflon-lined  autoclave 
and  cleaned  FTO  glass  substrate  (sheet  resistance  12  Q  square-1, 
purchased  from  Hartford  Glass  Co.,  USA)  with  FTO  layer  downward 
was  immersed  in.  After  the  reaction  at  120  °C  for  12  h,  the  FTO 
substrate  was  rinsed  by  deionized  water  and  vacuum  dried  at  50  °C. 

2.2.  Assembly  of  DSSCs 

A  layer  of  Ti02  colloid  film  with  a  thickness  of  10  pm  and  area  of 
0.25  cm2  was  prepared  by  a  sol-hydrothermal  method  and  subse¬ 
quently  calcined  at  450  °C  for  30  min.  The  resultant  Ti02  nano¬ 
crystalline  film  was  sensitized  by  immersing  into  a  0.50  mM 
ethanol  solution  of  N719  dye  (purchased  from  DYESOL  LTD)  for 
24  h.  A  DSSC  device  was  fabricated  by  sandwiching  redox  electro¬ 
lyte  between  a  dye-sensitized  Ti02  anode  and  an  FTO  supported 
PtRu  nanofiber  alloy  CE.  A  redox  electrolyte  consisted  of  100  mM  of 


tetraethylammonium  iodide,  100  mM  of  tetramethylammonium 
iodide,  100  mM  of  tetrabutylammonium  iodide,  100  mM  of  Nal, 
100  mM  of  KI,  100  mM  of  Lil,  50  mM  of  I2,  and  500  mM  of  4-tert- 
butyl-pyridine  in  50  ml  acetonitrile. 

2.3.  Electrochemical  characterizations 

The  electrochemical  performances  were  recorded  on  a  con¬ 
ventional  CHI660E  setup  comprising  an  Ag/AgCl  reference  elec¬ 
trode,  a  CE  of  platinum  sheet,  and  a  working  electrode  of  FTO  glass 
supported  PtRu  alloy.  The  cyclic  voltammetry  (CV)  curves  were 
recorded  in  a  supporting  electrolyte  consisting  of  50  mM  Lil,  10  mM 
I2,  and  500  mM  LiClCH  in  acetonitrile.  Electrochemical  impedance 
spectroscopy  (EIS)  measurements  were  carried  out  in  a  frequency 
range  of  0.01  Hz  ~  106  kHz  and  at  an  ac  amplitude  of  10  mV.  Tafel 
polarization  curves  were  recorded  by  assembling  symmetric  cell 
consisting  of  FTO/PtRu  alloy|redox  electrolyte |FTO/PtRu  alloy. 

2.4.  Photovoltaic  measurements 

The  photocurrent-voltage  (/— V)  curves  of  the  DSSCs  were 
recorded  on  an  electrochemical  workstation  (CHI600E)  under 
irradiation  of  a  simulated  solar  light  from  a  100  W  xenon  arc  lamp 
in  ambient  atmosphere.  The  incident  light  intensity  was  calibrated 
using  an  FZ-A  type  radiometer  from  Beijing  Normal  University 
Photoelectric  Instrument  Factory  to  control  it  at  100  mW  cm-2  (AM 
1.5).  Each  DSSC  device  was  measured  five  times  to  eliminate 
experimental  error  and  a  compromise  J—V  curve  was  employed. 

2.5.  Other  characterizations 

The  morphologies  of  the  Ru  and  PtRu  nanofiber  alloy  CEs  were 
observed  with  a  scanning  electron  microscope  (SEM,  S4800).  The 
X-ray  diffraction  (XRD)  data  were  collected  in  the  26  range  between 
30  and  80°  at  a  scanning  speed  of  10°  min-1.  The  compositions  of 
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Fig.  1.  (a)  &  (b)  Top-view  SEM  images  and  (c)  energy-dispersive  X-ray  spectrum  of  PtRu3  nanofiber  alloy  CE;  (d)  XRD  patterns  of  varied  PtRu  nanofiber  alloy  CEs.  The  peaks  marked 
by  (*)  are  from  FTO  glass  substrate. 
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the  alloy  CEs  were  detected  by  inductively  coupled  plasma-atomic 
emission  spectra  (ICP-AES).  Prior  to  ICP  measurements,  the  alloy 
CEs  were  immersed  in  concentration  nitric  acid  to  dissolve  the  FTO 
glass  substrate  thoroughly. 

3.  Results  and  discussion 

Top-view  SEM  photograph  in  Fig.  la  suggests  a  high  surface 
coverage  of  PtRu3  alloy  on  FTO  substrate.  Deep  examination  in 
Fig.  lb  gives  homogeneously  nanofibers  with  a  length  of  ~80  nm 
and  a  diameter  of  ~10  nm.  From  energy-dispersive  X-ray  (EDX) 
spectrum,  as  shown  in  Fig.  lc,  Pt  and  Ru  elements  as  well  as  the 
elements  from  FTO  substrate  are  detected,  indicating  that  Pt  and  Ru 
have  been  successfully  codeposited  on  FTO  glass  substrate.  The 
recorded  contents  of  Pt  and  Ru  from  EDX  spectrum  are  1.22  and 
3.49  mol%,  respectively,  giving  an  approximate  ratio  of  1:3.  More¬ 
over,  the  compositions  of  the  alloys  on  FTO  glass  substrate  were 
determined  by  ICP-AES  equipment.  The  results  display  that  the 
atomic  ratios  of  PtRu,  PtRu3,  and  PtRu4  are  1.00:0.95, 1.00:2.87,  and 
1.00:3.92,  respectively.  The  measured  atomic  ratios  are  close  to  the 
stoichiometry  of  PtRu,  PtRu3,  and  PtRu4,  therefore,  the  chemical 
formulas  of  the  alloy  CEs  can  be  expressed  according  to  their  stoi¬ 
chiometric  ratios.  The  XRD  patterns  in  Fig.  Id  indicate  that  the 
presence  of  diffraction  peaks  at  40.8°,  47.4°,  and  65.5°,  which  can  be 
assigned  to  Pt(lll),  Pt(200),  and  Pt(220),  consistent  with  the  face- 
centered  cubic  (fee)  structure  of  Pt  [13].  The  PtRu  alloys  display 
diffraction  patterns  similar  to  those  of  Pt,  except  26  values  are 
shifted  to  higher  values.  This  indicates  that  single-phase  PtRu  alloy 


is  formed  14,15].  Assuming  alloy  formation  between  Pt  and  Ru 
based  on  a  substitutional  solid  solution,  such  as  shift  is  attributed  to 
the  difference  in  atomic  size  between  Pt  and  Ru  atoms  [16]  or  the 
formation  of  a  high  degree  of  PtRu  alloy  [17].  No  diffraction  peaks 
for  tetragonal  Ru02  or  hexagonally  close  packed  Ru  phases  are 
detected,  revealing  that  PtRu  nanofiber  catalyst  is  the  main  phase 
formed  at  atomic  level  with  a  basically  unaltered  Pt  fee  structure 
[18].  The  synergistic  effect  of  Pt  and  Ru  is  expected  to  elevate  the 
electrocatalytic  activity  of  PtRu  alloy  toward  triiodides. 

The  top-view  SEM  photographs  of  pure  Ru,  PtRu,  and  PtRu4  alloy 
CEs  are  shown  in  Fig.  2  to  determine  the  surface  morphology 
evolution.  A  dense  agglomerate  is  detected  in  Fig.  2a,  suggesting 
that  there  are  no  nanofibers  in  pure  Ru  CE.  Interestingly,  we  can 
find  indications  on  the  formation  of  nanofibers  in  PtRu  alloy  CE,  as 
is  shown  in  Fig.  2b.  With  increase  of  Ru  dosage  in  alloy  CE,  such  as 
PtRu4  in  Fig.  2c,  the  dimension  of  the  nanofibers  is  increased  in 
comparison  with  PtRu3  alloys. 

In  the  CV  curves,  as  shown  in  Fig.  3a,  the  peak  shapes  of  pure  Ru 
and  nanofiber  alloy  CEs  are  very  similar  to  that  of  Pt  electrode  [19], 
showing  that  nanofiber  alloy  CEs  have  electrocatalytic  function  to 
I3 1 1~  redox  species.  Differently,  the  peak  positions  of  pure  Ru  and 
PtRu  alloy  CEs  are  more  negative  in  comparison  with  pure  Pt 
electrode.  It  is  believed  that  the  electrocatalytic  activity  of  a  CE 
dependent  on  two  factors:  peak  position  and  peak  current  density. 
A  more  negative  peak  position  indicates  that  the  occurrence  of 
electrocatalytic  reaction  is  more  difficult,  however,  a  higher  peak 
current  density  means  that  the  reaction  kinetics  is  more  active. 
Although  the  peak  position  of  PtRu3  nanofiber  alloy  CE  is  more 
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Fig.  2.  Top-view  SEM  images  of  (a)  Ru,  (b)  PtRu,  and  (c)  PtRu4  CEs. 
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Fig.  3.  (a)  CV  curves  of  various  CEs  recorded  at  a  scan  rate  of  50  mV  s  1;  (b)  CV  curves  of  PtRu3  nanofiber  alloy  CE  at  various  scan  rates.  The  inset  is  relationship  between  peak 
current  density  and  square  root  of  scan  rate;  (c)  50  cycles  of  CV  curves  from  PtRu3  nanofiber  alloy  CE  at  various  scan  rates.  The  scan  rate  is  50  mV  s-1;  (d)  relationship  between  peak 
current  density  and  cycle  number. 


negative  than  that  of  benchmark  Pt  CE  (300-400  pm  in  thickness, 
purchased  from  Dalian  HepatChroma  SolarTech  Co.,  Ltd),  a  peak 
current  density  enhancement  of  1.3-fold  is  achieved  for  PtRu3 
nanofiber  alloy  CE.  The  better  performance  of  the  PtRu3  nanofiber 


alloy  CE  is  explained  by  a  synergistic  effect  for  reduction  of  triio¬ 
dides  ions,  which  is  popular  in  electrocatalysts  of  fuel  cells  [20]. 

From  the  stacking  CV  curves  of  PtRu3  nanofiber  alloy  CE  at 
different  scan  rates,  one  can  find  an  outward  extension  of  all  the 


Fig.  4.  (a)  EIS  spectra  and  (b)  Tafel  polarization  curves  of  symmetrical  cells  fabricated  various  CEs;  (c)  characteristic  J—V  curves  of  DSSCs  from  varied  CEs.  The  inset  gives  the 
equivalent  circuit. 
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Table  1 

The  parameters  derived  from  EIS  plots,  Tafel  curves,  and  DSSC  devices. 
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CEs 

EIS  parameters 

Tafel  parameters 

Photovoltaic  parameters 

Rs  (Q  cm2) 

Rct  (Q  cm2) 

W  (Q  cm2) 

Jo  (mA  cm  2) 

Jiim  (mA  cm  2) 

Voc  (mV) 

Jsc  (mA  cm  2) 

FF  (%) 

77(%) 

Pt 

37.1 

25.5 

5.32 

2.16 

33.57 

713.9 

13.55 

63.8 

6.17 

Ru 

111.5 

51.8 

7.57 

0.014 

16.56 

675.2 

14.03 

52.9 

5.01 

PtRu 

70.7 

21.0 

6.18 

0.13 

25.00 

728.5 

12.39 

58.5 

5.28 

PtRu3 

20.7 

14.1 

4.25 

0.31 

42.56 

718.3 

14.70 

64.4 

6.80 

PtRu4 

50.1 

32.6 

5.67 

0.67 

20.99 

712.6 

13.67 

60.1 

5.85 

peaks  (Fig.  3b).  By  plotting  peak  current  density  corresponding  to 
J3  <->  I~  versus  square  root  of  scan  rate,  as  shown  in  insert  of  Fig.  3b, 
linear  relationships  are  observed.  This  result  indicates  the  redox 
reaction  is  a  diffusion-controlled  mechanism  on  PtRu  alloy  CEs  [21  ]. 
50  cycles  of  CV  curves  in  Fig.  3c  are  used  to  evaluate  stability  of 
PtRu3  alloy  CE  and  the  plots  of  peak  current  density  as  a  function  of 
cycle  number  are  given  in  Fig.  3d.  No  apparent  decline  in  peak 
current  densities  is  observed,  indicating  that  the  PtRu  nanofiber 
alloy  CEs  are  stable  for  catalyzing  triiodides. 

Nyquist  plots  in  Fig.  4a  illustrate  impedance  characteristics  of 
various  CEs.  According  to  the  Randles-type  circuit  (insert  of  Fig.  4a), 
the  intercept  on  the  real  axis  represents  the  series  resistance  ( Rs),  a 
reflection  of  CE  resistance.  The  first  arc  arises  from  the  charge- 
transfer  resistance  (Rc t)  at  CE/electrolyte  interface,  whereas  W 
represents  the  Nernst  diffusion  impedance  corresponding  to  the 
diffusion  resistance  of  I~IIJ  redox  species.  CPE  is  a  constant  phase 
element  and  is  frequently  used  as  a  substitute  for  a  capacitor  in  an 
equivalent  circuit  to  fit  the  impedance  behavior  of  the  electrical 
double  layer.  Except  for  PtRu3,  the  Rct  values  of  PtRu  alloys  and 
pure  Ru  are  all  larger  than  that  of  Pt  electrode,  indicating  an 
enhanced  charge-transfer  ability  in  PtRu3  nanofiber  alloy  CE.  W  is 
of  highly  dependence  on  the  electrical  conduction  of  a  CE  [22]. 
The  electrical  conduction  of  the  CE  material  can  be  evaluated 
by  Rs  value,  therefore,  the  W  value  follows  an  order  of 
PtRu3  <  Pt  <  PtRu4  <  PtRu  <  Ru.  The  conclusions  for  the  electro- 
catalytic  activity  and  charge-transfer  derived  from  EIS  and  CV  data 
are  in  a  good  agreement.  Tafel  polarization  curves  are  presented  in 
Fig.  4b  by  recording  on  the  symmetrical  cells  to  reveal  the  inter¬ 
facial  charge-transfer  properties  at  the  CE/electrolyte  interface.  The 
larger  slope  for  the  anodic  or  cathodic  branch  indicates  a  higher 
exchange  current  density  (Jo)  on  the  electrode  and  better  catalytic 
activity  toward  triiodide  reduction.  Apparently,  the  calculated  Jo 
also  follows  an  order  of  PtRu3  >  Pt  >  PtRu4  >  PtRu  >  Ru,  which 
matches  the  order  of  Rct.  The  elevated  Jo  is  the  result  of  rapid 
charge-transfer  [21].  The  intersection  of  the  cathodic  branch  with 
the  Y-axis  can  be  considered  as  the  limiting  diffusion  current 
density  (Jnm),  which  can  be  employed  to  assess  diffusion  properties 
of  the  redox  couples.  One  can  see  that  the  Jnm  also  follows  an  order 
of  PtRu3  >  Pt  >  PtRu4  >  PtRu  >  Ru. 

Fig.  4c  shows  the  photovoltaic  characteristics  of  DSSCs  from 
pure  Pt,  pure  Ru,  and  various  PtRu  nanofiber  alloy  CEs.  Table  1 
summarizes  the  photovoltaic  parameters  using  various  CEs.  The 
DSSCs  employing  PtRu3  nanofiber  alloy  CE  achieves  the  highest  Jsc 
and  power  conversion  efficiency  (17).  This  might  be  attributed  to  a 
fact  that  PtRu3  nanofiber  alloy  CE  has  a  homogeneous  nanofiber 
structure,  which  provides  larger  active  surface  areas  for  IJ  reduc¬ 
tion.  The  specific  surface  area  of  all  the  alloy  CEs  are  measured  by 
Brunauer— Emmett-Teller  (BET)  method,  giving  BET  values  of  72.6, 
201.8,  and  135.2  m2  g-1  for  PtRu,  PtRu3,  and  PtRu4,  respectively.  A 
recorded  17  from  PtRu3-based  DSSC  is  6.80%  in  comparison  with 
6.17%  in  the  DSSC  of  pure  Pt  CE  and  5.01%  in  the  DSSC  from  Ru  CE. 


4.  Conclusions 

In  summary,  we  have  demonstrated  that  low-temperature  hy¬ 
drothermal  synthesis  of  PtRu  alloy  CEs  is  an  effective  strategy  for 
enhancing  the  photovoltaic  performances  of  DSSCs.  PtRu3  nano¬ 
fiber  alloy  CE  exhibits  good  electrocatalytic  activity  for  the  reduc¬ 
tion  of  triiodide  ions.  The  DSSC  from  PtRu3  alloy  CE  provides  an 
impressive  power  conversion  efficiency  of  6.80%  in  comparison 
with  that  of  6.17%  from  pure  Pt  CE.  The  research  presented  here  is 
far  from  being  optimized  but  these  profound  advantages  along  with 
scalable  materials  promise  the  new  alloy  CEs  to  be  candidates  in 
DSSCs. 
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